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FOW Ly pe SKIN ITICTION Iransqucer intencod Jor s In SAOCRK tuniniels is

Gescribed. Tae design is improved over previtus transaucers deveioped [53'%
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S CTION I INTRODUCTION

Cornell Aeronauticat Laboratory (CAL) has been a tively en;

tne aevelopment and use of short-duration aerodynamic test facilities and the
iastrwmentation since 1950; shock tunnel operation nas teaon on a schedul
Sourie zasis Jor more than seven years. Aot aii of tno

WBed LY s WOTrK has been aeveloped at CA L. Uatil 1962, 0sis were ¥

Lo aserement of S2reswuare, [orce, npaeat {ransicy
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202, Jhe use of skin friction gages was pioneered with good results.

I discasses the early experience in the applicaticn and utilization of these va

1954

Since that time, improvements have been made and incorporated in

s

-

subsequent mouels. The porous diaphra

-5 Cuie 31 thosc amproveinents; a second, a 1/4" ciameter Gesign, uses to
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S0th :aternal and external curved surfaces.

Juring 1964, a program was started at this Laboratory to use fiel

[N

¢lzect transisicrs (FET's) as low noise power amplifiers.

enougn and otnerwise suitable for installation inside test m

rnocdels Ciose to the
sCadsducers, taus eliminating the Loss in signal produced 5y the snon: Capact-

~aalues LoneT oAl In loag cables attached to piezoelectric transducers. Ln
T - .- 110 . I
DLy 15 reduced from 10 ghms to 107 onmas.

c
’(
¥
[«
Ie
e
st}
1
¢]
oD
<
r
ot
o
¢
ot}
78
Ui
pes

advasiages associated with FET's are reported more {ully in Refercace 2.
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ragm, on whicn a patent is now pending,
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is0 a reduced diameter for easier application to curved

¢s. Many skin friction transducers have been used in CAL programs
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N iD DESIGN SPZCITICATIOND

i June of 19606, Amoes contacted CAL wita a request [oF the acvelopaent

A

in friction traasducer to measure skin friction on a Cone in e Ames

iy

The previcus transducer design ceported oy CAL saowed promisce

cne regquirements of tae Arnes oMperihiiiend, Lo

laal
o

ry specifications {07 a new design. Tao snoeclic

The transducer must be usable for measurcment of skin {riction

iorces from . 005 psito .2 psi. It is to have iess than 1% circuilt
noise at . 005 usi and iess than 1% cevarture frony iinecarity up to
L Y

.t psi.

Tne ratio of sxkin {riction sensitivity to pressure sensilivivy 18 1o
be 1000 to 1 or better.

The transducers will not oe permanently damayged Dy & neat transier
. oyl P ; . ;

rate of 200 BTU/it” sec applied for 30 milliscconds and the responsc

cdue to tais aearing rate will pe as small as praciicar considering

the other speciiications.

ALl design Jarameters will be consistent with Tesis lasiiay up to

T i . . g P17 P S Y o T Py e .

The transducer size will be iess than 1/27 diamcter.
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The pressurcs across Zaps at the ulaphragm ecdge will cGualize
I misec at any pressure from . 005 ‘o .2 osi.
fne surface of diaparag.n and CNDPOGoTd face ol thne case o natch

— . 1

ine transcaucer will have a soliid stece POWeY ampiifier, nolir iato
1ts case, c¢apable of driving 150 {t. of cable taat has a capacitancs:

02 30 pi or less per foot and will satisfy the rise timie specification

in item No. 7.

81

Tihe diaphrayni and entire case are o be SIZNna. grouad.  Atl high

impedance circuits will be inside the metal case Ior proiecuion
against ionized gases and stray electric fields {such as may be

produced by spark lignt sources).

N
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srought out taree other reguirements th
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il ADDITIONAL DESIGN CONSIJERATICONS

15 TLCeT L.C»Oup ent

that Ftant Jor suUCCcossivi trans-
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LAG LransQuCer periormance was a part oi toc covelopinend DoogTran.. PSRRI
Tarce reguirennents it DCLOW are associalod Mith TAC SeVeTOe CAVIron i onL

1haesent 1n the shock tunnel flow.

Experimental test programs conducted at CAL reveal that tihe
forces experienced by skin iriction and pressuare transduce

tae [low breaxdown period {ollowing tne useiul part of a shock
tunnel test are much larger than these felt during the stecady flow
portion. Therefore, it is wise to build in as much strength as
practical since these transducers are to be used at rather aigh

ivads
Experience nas also shown that the turbulence level durine

iag the

useriul part of the flow varies considerabiy [rom run to raa and may

De hign. Hence the transducers should be conser

Low sensitivity 1o pressure gradicats in R axiai of o055 Li0W
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SECTION IV DZSCRIPTIONS OFf TRANSDUCERS

N\ -
Maecnianicar

A photograph of the complete transducer is shown in Tigure : aand a cross
section drawing with the essential parts labeled 15 shown in Figure 2. Thore
are two cantilever beams aftached to the clapnra.m by means of flexures which
Seriniit end rotation. Xach beam consists of two dieces of siczoeicciric ceramic
iatesial. Jhese two halves are oppositely polec to provide first order cancei-
Lation of oatputs due to tension, compression, heat, or temperaturc gradients
{i{ sucn neating effects are symmetrically appliec). The beams respond to .

lovces .n tie plane of the gage surface, i.e., at right angles to the . 080

dimensicn of the beam. One half of the beam 1s chus put in tension, the other
in compression. The two nalves are wired in series, therce being no connections
t0 the conductive suriace between the halves, thus an electrical output is pro-

B3

auced oy the CEN piezoceramic coefficient when the beam is bent.

A third plezocerarmc element is used for acceleration compensation.
It is similar to the other two but twice as wide and instalied inverted fo
iostallation and wiring convenience. There is a small weight cemented to its
Iree end, whose mass is equivalent to that of the diaphragm. This 1ass may
3¢ incdividually s5eleciec and adjusted; it is selected for best perforimance at

fiausoida: acceleracions of the transducer of =ig at 100 cps. Experience shows

ot

faat i¥ Lo Gnrea.istic to expect canceilation near tre natural frequency of the
transcaucer. The the sigrnals may add rather than subtract at sonic tinue during

e tesy due to very slight diiferences in natural frequencics netweun tace active
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well as to aveia case distortion which might impair the inearity of gage

ot
o

.

¢}

C .. .. . . L. . L. : T
sponse. In addition, some vibration isolation is achieved. Fligurce 3 shows

& mouating arrangement considered satisfactory for conditions of jow to

SIOOLTATS TNOdlL ateleraiions,

T2 000N O LT onis Lirculirv

oo

o
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‘he electronic amplifier is shown schemaitically in Figure 4 and described
in detail in Reference 3. It is contained in the cavity at the bottom of the
transducer case as indicated in Figure 2. The amplifier is accessible [or
veopair by removal of the cover., Experience at CAL with this circuit over a
TAaree-year peridod nas snown very little need for repiacement of any of the
Jarts. r’rotection from humidity, ionization or corrosive gases is proviaed

oy epoxy cement over most components and connections and by liquia R. T. V.

on the ZET. There is a 40 kohm resistor in series with the amplifier output
to protect it from the necessity of driving the reactive load of the cable. This

.imits the freguency response and produces a 4% loss wnern uased with a i
Sa = z oo RPN o 3= : 1 B Il Fal PR PR
.1egoam 10ad.  Lhls 10ss 1s automatically taken care of if both calibration

eguip.nent and snock tunnci recording equipment nave the same inpur imoedance.



SECTIONV DiSCUSSION

The piezoelectric beams are designed for maximuin strengta wital

space allotteda. The beam will withstand 2 psi with a factor of safety 0i15,

This implies a high stiifness with a resulting hizh natural frequency of tne
2 4 3 7y A o s ) T Mg - P Ten o S e em P N T ETEE
3T ce &>J.2 N GG0 CD8j. L4l hlgﬂ naturai [re un:JC‘] 15 USR03 10 Toaude s

che chances ol excitavion either by a step air load or

mechanical wads o the
nmoael. It also facilitates filvering out the naturval frequency {rom wae clectyical
signal. The upper limit of allowable beam streagth or stiffness is that deter-
miined by the need for sufiicient charge from displacement by the piezoelectric
beams to supply gate circuit losses with less than 2% drdop in 30 miliiseconds.
The acceptable limit of minimum signal is determined by the desired signal

vG o1

n
I

ratio. Since the circuit noise is more consistent than the peak over-
wading of the beam due to dynamic airloads or excitation of the mechanical
system natural frequency, the design is establisned at a low signal level,
ciose to the minimum acceptable signal to noise ratio. The signal to noise

ratio is 200 to 1 for a pass band of .1 to 3,000 cps at a skin friction level of

. 005 psi. Because of the high beam strength, the linear range of the trans-

ducer is considerably in cxcess of the cesign requirements. This 13 shown in

Epoxy cement is used to attach the diaphragm to the llexures and the

’

ilexures to the deams (figure 2). This choice was made to obtain an arttacn-

- - e e e P, s N . o =4 . A S
th commensurate with the strength of the rest of the system rather

0

than using another attachment material which woald allow the diapnragims to be

Jermeven more easi.y. lvis entirely Dossidble ©o0 recontour tne Cladnragais o
SOOI SHTEAT WITAOoWD SeParaling tacm IT0M (Al SCamis.  RKeL.0Val O, € LLaParas s
.2 Sossiole by tne use ol aeat.
A rather tolck (W U1I0Y) wasnnras s O LOW t@ IDCTATUTE SOOI Al LLtC i
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A photograph of the apparatus for applying a shear load step is

—

in Figure 7. A skin friction transducer is mounted near the centcr of a fiat

1

alurtinem disc 16'' in diameter and 1/2" thick., The disc aas a hoic at

oe¢ attached to the diaphragm of the transducer. The weights are

of steel ball bearings 1/8' to 1" in diameter.

4 series

After letting the system settle,
el

the weight is suddenly raised by tilting the center pivoted bearn shown at the

vottom of the picture to remove the shear load irom the transducer.

When

tne right-hand side of the beam is thrust sharply downward, a microswiich is

sperated a few milliseconds before beam contact is made to the suspé
PR - 3 7 o) 1 a 3 13 o - £ % o S~ ey
vall bearing. The switch is used to initiate the sweep of the osciliosc

srodacing a trace as shown in Figure 8. A blocx diagran: of

naea

ope,

cnls agparacus

15 s20WT in Figure 9 in wnich an additional feature to provide a rlacabiaty of
1% 13 snown. This {catare, a null circuil, introduces a precise aajustaoie

voltage into tne B channel of the differential input oscilloscope at tne moment

i 5 P S ~ 3 . -, o~ - - i~ B I IO - -
o @ tneredy permitiing the use 0L muacn J0Te annipilizCativ,

- . ] . - - = . e~ -~ PR R . ——— -
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SECTION V (Contiay

periforniea {irst in order to save time; also, scvere tests are perioraied cariy

in order to save calibration time should the unit be damaged. CAL has adopicd

the procedurc, therefore, of checking first exposure to hecat, th

Leat, el acloeratian

seasitivity (adiasting tne compensating welgnt if necessary) and third, Lo

Jraessare sensifivity is measured. A Pressurce checx 18 accompiisned oy
wddeniy venting a pressure of 1 psi above atmospnaeric o thc transducer 5w

Means of a soienoid operated valve. This is the same manner that pressure

transducers are calibrated. The step producec has a rise time of abou
millisecond so it is not an adeguate method for checking the flow rate around
tne diapanragm; this {low varies with shock tunnel conditions and is under thc
control of the user. The transducers do not have a nonmetric ring around t

diaparagni, thus giving the user flexibility in control of the edge gap. Caps

are provided to protect the diaphragms during storage.

Calibration for skin friction sensitivity is accomplished using the
apparatus shown in Figure 7 and the block diagram of Figure 9 as previousiy

cescribed. The mounting disc is suspended from a beam near the ceiling on

id

~ong, scit rubber cords so that building vibrations do not appear in the records.

Zrevious attempts to use a 2" thick steel surface plate with 2'' thick rubber
ioration damaping pads proved inadequate even thougn there were 40 scarces
ol visranon witnin 50 {t. of tne calibraiion area. Tne caunbration

Jroceure

Sists O & seguenlial loaaing of weights starting with the smaliest w3 to th

oA

ShaXimam whicn is equivalent to 2.7 psi. The value of meximan: ioad exceeds

Thw Lebdiln Teduirelnent and 12 Caosen Lo Vool Ihe sy s ot an
«3 Lilh a2 10ad as SUss8id.C SeCause 06 Lne LOp0TlanCe O1 LACaTITY LA TS L LsC WO

VSN asaln
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emioly 1o avoid subjection of the finished transducer ¢
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severe acceleration of engraving,

P el - ~ T Ty~
DO L Gannes Jata

ECTod 0 a4 sUTids Ui SAsCx tunnu.

runs. £Or these tests, two of them had addificnal FET circuiis wivhout the

+0 koum series resistors to allow monitoring of the high freguencies present.
Figuve 10 shows the fiitered skin [riction tirne record. Zigure ii shows the

actua. rorces scen by th®e measuring beams during the saime run as Figuare 10.
it is 0 be noted that good records are obtained in spite of the large peak signais

at niwnorrequency.  The validity of the record was estabiisied by a repceat run
witn tne gages coverea and during which no skin friction was indicated.

Conc.usions

Six skin friction gages suitable for use in the Ames Shock Tunnel have

oeern constructed and deiivered to Ames. They are of an advanced desiosn with

characteristics supericr to previous existing CAL skin friction transducers.

{he specifications requested by the sponsor have becn ..iet. This repourt has

< 1

aescribed tne gages, the proceaures necessary [or their use and individual
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Figure 3 ORAWING OF HOLDER FOR MOUNTING TRANSDUCZR in MOOE.
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